Summary. This study addresses the possibility that the teratogenic effects of a diabetic pregnancy are associated with increased embryonic activities of free oxygen radicals. Rat embryos were cultured in 50 mmol/1 glucose for 48h and subsequently showed pronounced growth retardation and severe malformations. The enzyme inducer citiolone and the free oxygen radical scavenging enzymes superoxide dismutase, catalase and glutathione peroxidase protected against the disturbed growth and development of the embryos at 50 mmol/1 glucose when added to the culture media. Enzymatic measurements indicated that citiolone induced an increased activity of superoxide dismutase in the embryonic tissues and that the added enzymes were taken up by both the yolk sac and the embryo proper. The protection against embryonic maldevelopment was thus conferred by agents that increased the free oxygen radical scavenging capacity of the embryonic tissues. The results suggest that a high glucose concentration in vitro causes embryonic dysmorphogenesis by generation of free oxygen radicals. An enhanced production of such radicals in embryonic tissues may be directly related to the increased risk of congenital malformations in diabetic pregnancy.
For a diabetic woman the risk of bearing a malformed child is 2-3 times higher than for a normal woman [1] , and compared with normal pregnancies a greater proportion of the congenital malformations in diabetic pregnancies are lethal [2] [3] [4] . The exact pathogenesis of the malformations is at present unknown.
It has been suggested that complications of diabetes mellitus such as angiopathy, retinopathy, neuropathy and nephropathy result from an increased production of free oxygen radicals [5] [6] [7] . In this context, it is suggested that congenital malformations in diabetic pregnancy may be regarded as a type of complication of the maternal disease. Furthermore, short-time exposure of rat embryos to xanthine and xanthine oxidase immediately before culture in vitro causes altered embryonic development, suggesting a role for free oxygen radicals in disturbed embryogenesis [8] . Against this background a new approach towards the understanding of the dysmorphogenesis in diabetic pregnancy would be to investigate whether free oxygen radicals are involved in the teratogenic process. A direct coupling * This study was presented in part at the 26th Annual Meeting of the European Association for the Study of Diabetes, Copenhagen, D enmark, 10-14 September 1990 between free radical generation in diabetic pregnancy and the induction of congenital malformations has, to our knowledge, not been proposed before.
In the present study, therefore, we subjected rat embryos to a teratogenic milieu in vitro, i.e. they were cultured in a high glucose concentration known to cause growth retardation and malformations [9] [10] [11] . The culture media were supplemented either with citiolone (N-acetyl-DL-homocysteine thiolactone), which is an inducer of oxygen radical scavenging enzymes [12, 13] , or with superoxide dismutase, catalase or glutathione peroxidase. The effects exerted by the different additions to the culture medium on embryonic development were subsequently evaluated. A preliminary account of the results has been published previously [14] .
Materials and methods

Animals
Embryos were obtained from females of an outbred strain of Sprague-Dawley rats, provided by a commercial breeder (ALAB, Sollentuna, Sweden) which were mated with males from a local out-bred Sprague-D awley strain with an increased incidence of congenital malformations in diabetic pregnancy [11, 15] . The rats were fed a commercial pelleted diet (R3; Ewos, S6dertNje, Sweden) and had free access to food and tap water. They were maintained at an ambient temperature of 22~ with a 12 h light/dark cycle. The light was turned on at 01.00 hours and off at 13.00 hours. Female and male rats were caged together during the dark periods. Conception was verified by the presence of sperm in a vaginal smear. The morning that conception was verified was designated gestational day 0.
Embryo culture
Between 11.00 hours and 13.00 hours on gestational day 9 the pregnant rats were killed by cervical dislocation. The conceptuses were explanted, and culture of whole embryos was performed according to New [16] . The embryos, within their intact yolk sacs, were maintained in polypropylene tubes (Falcon 2070) in a roller incubator at 38~ and 60 rev/min. Each tube contained 4-5 conceptuses in 5 ml culture medium consisting of 80% volume/volume (v/v) rat serum and 20% (v/v) 0.9% weight/volum e (w/v) NaC1. The serum was centrifuged immediately after bleeding of the donors [17] and supplemented with sodium benzylpenicillinate and streptomycin to give a final concentration of 60 mg/l and 100 mgfl, respectively. The serum was stored frozen and heat-inactivated at 56~ for 1 h immediately before use. The glucose concentration of culture media was adjusted to 10 or 50 mmol/I by the addition of a sterile solution of 1.67 mol/1 D-glucose. Citiolone (CIT; N-acetyl-DL-homocysteine thiolactone), superoxide dismutase (SOD; E.C. 1.15.1.1), catalase (CAT; E.C. 1.11.1.6), and glutathione peroxidase (GPX; E.C. 1.11.1.9) were added to culture media from concentrated sterile stock solutions or suspensions in 0.9% (w/v) NaC1. The final concentrations were 0.5 mmol/1 of CIT, 2.5 MU/1 of SOD, 0.5 mkat/1 of CAT, and 1.5 mkat/1 of GPX. Unsupplemented, media had an endogenous activity of 2.5 kU/1 SOD, of 17 nkat/1 CAT and of 40 gkat/1GPX. Both the endogenous and exogenous activities of SOD and CAT remained constant during culture, whereas the activity of GPX decreased by about 50% per 24 h. At the start of culture, the tubes were gassed with 5% 02, 5% CO2 and 90% N2 (v/v/v) and capped tightly. After 24 h the conceptuses were transferred to new culture tubes with fresh media as described above and gassed with 20% 02, 5% CO2 and 75% N2 (v/v/v). The following morning (i. e. after a further 20 h of culture) the tubes were gassed with 40% 02, 5% COg and 55% N2 (v/v/v) for 10 min to obtain an appropriate oxygen tension for this stage of culture [18] .
The tubes were harvested 4-6 h later, i.e. at a time-point corresponding to gestational day 11.7. The conceptuses were transferred to Petri dishes containing 0.9% (w/v) NaC1 and viewed in a stereo microscope at a magnification of 10-20 x. The embryo proper and its yolk sac membrane were separated by gentle dissection and rinsed carefully for 10 min. The crown rump length of each embryo was measured, and the number of somites was counted. The embryos U. J. Eriksson and L. A. H. Borg: Free oxygen radicals and diabetic teratogenesis were categorized as morphologically normal or showing minor or major malformations. Normal embryos exhibited an entirely correct body flexure and closure of both the anterior and posterior neural pore (Fig. 1 A) . Embryos having a small malrotation or a delayed closure of a single neural pore were classified as being minor malformed (Fig. 1 B) . A severe malrotation, an abnormally open neural tube or a cardiac hypertrophy was defined as a major malformation (Fig. 1 C) . An average malformational score was calculated for each experimental condition, where normal embryos and embryos with minor and major malformations were assigned individual scores of 0, 1 and 10, respectively. The embryos were photographed in darkfield illumination using a Wild M3Z stereo microscope equipped with a MPS 45/51 photoautomat (Wild, Heerbrugg, Switzerland).
Enzymatic activities and the protein and D N A content were determined separately in embryos and membranes. Tissue homogenates were prepared in ice-cold buffers using a ground-glass homogenizer (Kontes Glass Co., Vineland, UNJ, USA) of 2-ml capacity. One embryo or membrane was homogenized in 500 gl of a 100 mmol/1 Na2HPO4-KH2PO4 buffer of pH 7.8, which contained 0.1 mmol/1 EDTA (ethylenediaminetetraacetic acid), for determination of SOD, two embryos or membranes were homogenized in 500 gl of a 25 mmol/1 KH2PO4-NaOH buffer of pH 7.0 for determination of CAT, and two embryos or membranes were homogenized in 250 gl of a 250 mmoi/1 KH2PO4-NaOH buffer of pH 7.0 with 2.5 mmol/l EDTA for determination of GPX.
Determination of protein and DNA
The protein content of the homogenates was determined by the method of Lowry et al. [19] using bovine serum albumin as a standard, and D N A was measured as described by Kissane and Robins [20] and Hinegardner [21] .
Measurement of enzyme activities
Superoxide dismutase. The activity of SOD was measured by its inhibition of the chemiluminescence of luminol (5-amino-2,3-dihydro-1,4-phthalazinedione), which was induced by superoxide anions produced by the action of xanthine oxidase (E.C. 1.1.3.22) on xanthine [22] . By the use of this method interference from other activites in the crude tissue homogenates could be avoided [23] . Portions (25 btl) of homogenates, blanks or appropriate standards were, in duplicate, mixed with 600 gl of a medium consisting of 0.25 mmol/1 xanthine, 1.0 mmol/l luminol and 0.1 mmol/1 E D T A in a 50 mmol/1 carbonate buffer, pH 10.1, in small polystyrene test tubes at room temperature (20~ The light-emitting reaction was initiated by the addition of 40 gl of a solution of 0.12 g/1 xanthine oxidase in carbonate buffer. The chemiluminescence was determined using a LKB-Wallac Luminometer 1250 (LKB-Wallac, Turku, Finland) connected to a poten- glucose showing no malformation yielding malformational score 0 (A), a minor malformation yielding malformational score 1 (B) and a major malformation yielding malformational score 10 (C). Superoxide dismutase was added to the culture medium (A), catalase to the culture medium (B) and no addition was made to the culture medium (C).
• 16 tiometric recorder. The maximum light intensity was reached in 1-2 rain and remained essentially constant for several min. The activity of SOD causing a 50% inhibition of the chemiluminescence was defined as 0.01 unit. This corresponds to 4.2 ng of SOD from bovine erythrocytes. Since the present method is approximately 100 times more sensitive than the original method for SOD determination by McCord and Fridovich [24] , this definition would make results obtained by the two methods comparable. It should, however, be noted that the high pH currently used may affect the activity of various SOD isoenzymes differently [25, 26] .
Catalase. The activity of CAT was measured by a sensitive spectrophotometric method described recently [27] . This method utilizes the peroxid atic function of CAT for determination of the enzyme activity by the production of formaldehyde from methanol. Samples of tissue homogenates, blanks or formaldehyde standards were incubated in duplicate with 5.9mol/1 methanol and 4.2mmol/1 H202 in a 250 mmol/1 KH2PO4-NaOH buffer, pH 7.0, for 20 rain at room temperature (20~ After termination of the enzymaticreaction with a concentrated KOH solution, a second incubation with purpald (4-amino-3-hydrazino-5-mercapto-l,2,4-triazole) was performed for 10 rain at 20~ To obtain a coloured compound, the product of the reaction between formaldehyde and purpaldwas oxidized by KIO4. The absorbance was measured at 550 nm in a Beckman DU-65 spectrophotometer (Beckman Instruments, Fullerton, Calif., USA).
Glutathione peroxidase. An enzymatic cycling method, initially described by Paglia and Valentine [28] , was used for measurements of the activity of GPX. After mixing of 75-gi portions of homogenates or blanks with 200 ,ut of a 250 retool/1 KH2PO4-NaOH buffer, pH 7.0, in polystyrene semi-micro cuvettes, the various components of the assay system were added from stock solutions in phosphate buffer. In a total volume of 500 gl the final concentration was 4 retool/1 of GSH (reduced glutathione), 8.5 mg/l of glutathione reductase (E.C. 1.6.4.2), 1 retool/1 NaNs and i mmol/1 of EDTA. The cuvettes were incubated in duplicate at 37~ for 10 rain. By this incubation with GSH inactivated GPX could be regenerated. To give a final concentration of 0.3 mmol/l, 50 gl of a NADPH (reduced [3-nicotinamide adenine dinucleotide phosphate) solution in 10% (w/v) sodium hydrogen carbonate (37~ was added to each cuvette. The changes in absorbance due to oxidation of NADPH were measured at 340 nm in a Zeiss PMQ II spectrophotometer (Carl Zeiss, Oberkochen, FRG) equipped with a thermostat set at 37~ and a potentiometric recorder. The oxidation of NADPH in the absence of hydroperoxide was recorded for 2 min. Next, 50 ul of a solution of H202 in phosphate buffer (37~ was added to give a final concentra-327 tion of 0.1 mmol/1. An organic hydroperoxide was not used, since such a substrate would be metabolized by glutathione S-transferases possibly present in the homogenates. Catalase actMties were blocked by the presence of azide. The enzymatic cycling reaction gave a linear decrease in NADPH concentration for up to 10 rain. The activity of GPX was determined by the hydroperoxide-specific oxidation of NADPH, and was calculated using a molar absorption coefficient for NADPH of 6200 1. tool i. cm -L [29] .
Chemicals
Sterile solution of 0.9% (w/v) NaC1 was from Baxter (Deerfield, Ill., USA) and sterile 1.67 mot/1 D-glucose from Kabi Vitrum (Stockholm, Sweden). Sodium benzyl penicillinate and streptomycin in solution for tissue culture was purchased from Flow Laboratories (Irvine, UK). Citiolone (N-acetyl-DL-homocysteine thiolactone), superoxide dismutase (E.C. 1.15.1.1) from bovine erythrocytes, glutathione peroxidase (E.C. 1.11.1.9) from bovine erythrocytes, xanthine and DNA, sodium salt from salmon testes, were from Sigma Chemical Co. (St. Louis, Mo., USA). Bovine serum albumin, fraction V, was purchased from Miles Scientific (Naperville, Ill., USA) and luminol (5-amino-2,3-dihydro-l,4-phthalazinedione), purpald (4-amino-3-hydrazino-5-mercapto-l,2,4-triazole) and 3,5-diaminobenzoic acid dihydrochtoride from Aldrich-Chemie (Steinhelm, FRG). Catalase (E.C. 1.11.1.6) from beef liver, xanthine oxidase (E.C. 1.1.3.22) from cow's milk, glutathione reductase (E.C. 1.6.4.2) from yeast, GSH (reduced glutathione) and NADPH (reduced 13-nicotinamide adenine dinucleotide phosphate, tetrasodium salt) were obtained from Boehringer Mannheim (Mannheim, FRG). All other chemicals of analytical grade, including Folin-Ciocalteu's phenol reagent, were from E. Merck (Darmstadt, FRG).
Statistical analysis
Statistical inferences were based on Student's two-tailed t-test for mean values or Z<statistics with Yates' correction for proportions of normal embryos and embryos with minor and major malformations [30] .
Results
When the rat embryos were cultured in 10 mmol/1 glucose (10G) for 48 h, they exhibited a development which reflected the in vivo conditions. At the end of the culture period, corresponding to a gestational age of 11.7 days, the embryos had a mean crown rump length of 4 mm and had developed an average of 30 somites. After culture at 10G about 3% of the embryos showed some kind of malformation yielding a malformational score of 0.1. This is similar to that normally found for rats in vivo [11] . An increase in ambient glucose concentration to 50 mmol/1 (50G) caused a decrease of 20% in crown rump length and of 33% in the number of somites ( Table 1 ). The number of embryonic malformations was much higher at 50G than at 10G. Thus, in culture with 50G 10% of the embryos showed minor malformations and 81% major malformations, which yielded a malformational score of 8.2 (Table 1) . Most embryos with a major malformation showed either severe malrotation or an abnormally open neural tube. Compared to 10G, culture in 50G resulted in both a lower embryonic content of protein and DNA (Table 2 ). This reflected the decreased growth of the embryos cultured in 50G. The endogenous activity of SOD was significantly greater in embryos and membranes exposed to 50G than in those subjected to 10G ( Fig.2 ; p < 0.05). However, this effect was not found for the endogenous activities of CAT and GPX (Figs. 3 and 4) . Addition of 0.5 mmol/1 CIT to the 10G cultures did not affect the crown rump length or the number of somites of the embryos (Table 1) . At 50G the addition of CIT partly normalized the growth and development of the embryos. Thus, both the crown rump length and somite number were increased compared with culture in 50G alone (p < 0.001), and the malformational score was increased in comparison to culture in 10G, but decreased compared to 50G culture. Addition of CIT to the 10G cultures did not change the protein or DNA content of the embryos, but it caused a slight increase in protein/DNA ratio ( Table 2) . Addition of CIT to 50G cultures gave a intermediate value for DNA, which differed from both 10G and 50G values (p < 0.01), but normalized the protein content of the embryos and slightly increased their protein/DNA ratio ( Table 2) . CIT significantly increased the activity of SOD both in the embryos and membranes (Fig.2) , whereas the drug had no effect on the activities of CAT (Fig. 3) or GPX (Fig. 4) . The induction of SOD activity by CIT was not dependent on the glucose concentration of the culture medium. In separate experiments it was also shown that 0.5 retool/1 CIT did not interfere with the determinations of enzyme activities (data not shown).
None of the three different scavenging enzymes influenced the embryonic development at 10G except for SOD that slightly increased the crown rump length and somite number of the embryos (Table 1) . At50G the addition of SOD to the cultures produced a complete normalization of both the crown rump length, the number of somites and the morphology of the embryos resulting in a malformational score of 0.6 (Table 1 ). All types of malformations observed were affected similarly. Protein and DNA content of the embryos in the SOD-supplemented 50G cultures were not different from that of the embryos in 10G cultures, but the protein/DNA ratio was slightly increased ( Table 2) .
Addition of CAT or GPX to the 50G cultures did not result in full normalization of embryonic growth and development, when compared to 10G cultures. The values for crown rump length, number of somites and malformations were significantly different from the values for embryos in 10G cultures (Table 1) . However, the supplementation of CAT and GPX improved the embryonic development. For instance, in CAT-supplemented 50G cultures the crown rump length and the number of somites were increased (p < 0.01) and the proportion of malformed embryos was decreased (p < 0.001) in comparison to cultures in 50G alone. Similarly, the addition of GPX to 50G culture resulted in an improved crown rump length, somite number and proportion of malformed embryos, when compared to 50G culture without the addition of any enzyme (p < 0.001). Similar differences were noted with regard to the protein and DNA content of embryos cultured with supplementation of CAT or GPX. Thus, (Table 2) , and addition of GPX to 10G cultures yielded a slightly lowered DNA value but did not change the protein content or the protein/DNA ratio of the embryos. Addition of CAT or GPX to 50G cultures, however, did not protect the embryos from the decrease in protein and DNA content caused by the high glucose concentration ( Table 2 ). The addition of enzymes to the culture medium significantly increased the enzyme activities both in the embryos proper and their membranes (Figs.2-4) . The enzymatic activities were 10-100 times higher in the membranes than in the embryos. It should also be noted that the accumulation of SOD and CAT in embryos and membranes was greater at 50G than at 10G (p < 0.001). However, the glucose concentration of the culture medium had apparently no effect on the uptake of GPX in the embryos or membranes.
Discussion
Several changes in the metabolic environment of the embryos caused by maternal diabetes have been associated with disturbed embryonic morphogenesis in diabetic pregnancy. Thus, both a high concentration of glucose [9] , a low glucose concentration [31] and a high concentration of [3-hydroxybutyrate [32] have been shown to be teratogenic in vitro. Furthermore, various consequences of increased ambient glucose concentration have been suggested to play a role in the disturbed embryogenesis, such as arachidonic acid depletion [33, 34] , hyperaccumulation of sorbitol [35] [36] [37] [38] , deficiency of myo-inositol [36, 37, [39] [40] [41] or alterations in trace metal concentrations of the offspring [42, 43] . Mannose [44, 45] and somatomedin inhibitors from serum of diabetic rats [46] also cause embryonic malformations. In addition, the genetic background of the diabetic mother and her fetus have been shown to be associated with the dysmorphogenesis of diabetic pregnancy [11] . A general consensus emerging from the previous reports is that none of the proposed processes seem to offer a complete explanation for the dysmorphogenesis in diabetic pregnancy. This may be because the teratological mechanism is multifactorial m~d most of the studies have not allowed evaluation of possible synergistic actions between different agents, or that the most important factor(s) have not yet been identified.
In the present study the novel approach was to investigate the possible involvement of free oxygen radicals in the glucose-induced embryonic dysmorphogenesis. The results showed that it is possible to achieve normalized embryonic in vitro development, despite exposure to teratogenic and growth retarding concentrations of glucose, by increasing the free oxygen radical scavenging capacity of the conceptus. These findings suggest that free oxygen radicals are involved in the glucose-dependent teratogenic process.
How would glucose influence the occurrence of free oxygen radicals in the embryo? There seem to be two main alternatives, the glucose-rich environment may either cause a decreased radical scavenging capacity or an increased production of free oxygen radicals in the conceptus. The first possibility may be supported by findings suggesting decreased activity of SOD or GPX and decreased concentrations of vitamin E or GSH in various organs of diabetic humans and animals [6] . However, there are no published measurements of the activities of free oxygen radical scavenging enzymes in embryos except for those in the present study, which showed unchanged activities of CAT and GPX and a slightly increased general activity of SOD in the conceptuses cultured in a high glucose concentration. The other possibility, an increased net production of free oxygen radicals in the glucose-rich milieu, therefore, seems more likely. It should, however, be noted that three different SOD isoenzymes have been described, namely cytosolic CuZn-SOD [24] , mitochondrial MnSOD [47] and extracellular SOD [26] . It is presently not known how the metabolic dis-turbances in diabetes may affect the activities of these isoenzymes.
The generation of the free oxygen radicals at high glucose concentrations may be promoted in several ways. A mechanism has been described where non-enzymatically glycated proteins may induce free oxygen radical generation [7, 48] . Such a mechanism would demand preformed glycated proteins. The relatively short duration of the embryo culture, however, makes the presence of significant amounts of such glycated proteins less likely. Another, and more probable, site of origin of free oxygen radicals would be the mitochondria of the conceptus, where the increased load of glucose would cause an increased flow through the electron transport chain. In concert with this notion is the report of a distinct teratogenic effect of culture at increased oxygen pressure [49] , which would increase the endogenous production of free oxygen radicals. At a high oxygen pressure the mitochondria of the neuroectoderm are also morphologically altered with an increased number of cristae, which indicate an enhanced function [49] . This is of particular interest, since the mitochondria are just about mature enough to handle oxygen at this early stage of embryogenesis and the embryos are changing from anaerobic to aerobic metabolism during the culture period [50] . This implies that the amount of oxygen metabolized is low, but may also imply that the defence capacity against free oxygen radicals is limited at this stage of embryonic development. In this context, the demonstration of younger embryos as more vulnerable to a glucose challenge may be of importance [10] , since younger embryos may have less well developed defence mechanisms compared to older embryos. The teratogenic period for congenital malformations in two different models for diabetic pregnancy also occurs at a stage when the embryos are young, around gesrational days 6-10 [51, 52] , and the embryonic oxidative systems may be immature.
The primary effect of increased activities of free oxygen radicals would be an enhanced lipid peroxida= tion, but also direct effects on DNA may be considered. In a previous study it was not possible, however, to demonstrate DNA damage, since culture of embryos in high glucose concentrations did not induce increased DNA repair activity [53] . The major products of lipid peroxidation, the hydroperoxides, are known stimulants of prostaglandin biosynthesis but inhibit the production of prostacyclin [54] , an imbalance which may have deleterious effects on the embryo. The previous findings of a beneficial effect of arachidonic acid [33, 34] , prostaglandin E~ and F2c~ and prostacyclin [39] on embryos in a diabetic environment may also relate to this notion, since the supplementation of these substances may correct a possible imbalance in prostaglandin biosynthesis. Likewise, the finding of a beneficial effect of myo-inositol supplementation to high-glucose culture [39, 40] , compensating for a decreased embryonic uptake of this hexose [41] , may be explained by a restored production of phosphatidylinositol and a subsequent normalization of phospholipase A2 activity [55] .
In conclusion the present study suggests that high glucose concentrations cause embryonic dysmorphogenesis in vitro by generation of free oxygen radicals. An enhanced formation of free oxygen radicals in the embryo may directly relate to the increased risk of congenital malformations in diabetic pregnancy. If such a relationship is also present in human diabetic gestation it would have therapeutic implications.
